The current study investigates the impact of mutation of 2,3-butanediol (BDO) formation 26 pathway on glycerol metabolism and 1,3-propanediol (PDO) production by lactate 27 dehydrogenase deficient mutant of Klebsiella pneumoniae J2B . To this end, BDO pathway 28 genes, budA, budB, budC and budO (whole-bud operon), were deleted from K. pneumoniae J2B 29
Bioreactor cultivation 154
The bioreactor experiments were carried out in a 1.5 L jar bioreactor (KO Biotech, 155 Korea) containing a 1.0 L medium of the same composition as in the shake-flask cultivation (see 156 above). The inoculum culture was prepared in the same way as described for the flask 157 experiment. The pH, temperature, stirrer speed and aeration rate in the bioreactor experiments 158 were maintained at 6.8, 37°C, 250 rpm and 0.5 vvm, respectively, unless specified otherwise. 159
The pH was maintained by addition 5 N NaOH. Fed-batch experiments were performed using 160
Kp∆budO with a feeding solution of glycerol (1,000 g/L; 10.9 M) and yeast extract (25 g/L). In 161 one run, carbon dioxide (CO2) was continuously flushed at an aeration rate of 0.05 vvm, and in 162 another run, NaHCO3 (100 mM) was added to the culture medium. 163
Glycerol dehydratase (DhaB) activity and inhibition by glycerol metabolites 164
K. pneumoniae cells grown in LB medium were induced and harvested 3 h from 165 the time of induction. The harvested cells were lysed anaerobically using a bead beater and 166 subjected to a DhaB-activity assay inside an anaerobic chamber. An appropriate amount of cell 167 lysate was pre-incubated with 10 mM of potassium phosphate buffer (pH 7), purified KGSADH 168 and 40 mM 1,2-PDO at 37°C for 3 min. The reaction was initiated by adding 15 μM coenzyme-169 B12, 1.5 mM ATP, 3 mM MgCl2 and 2 mM NAD + to the reaction mixture for a total volume of 170 2 mL. In this mixture, 1,2-PDO acts as a substrate for DhaB protein and is converted to 171 propionaldehyde, which, in sequence, is converted to propionic acid by the action of coupling-172 enzyme KGSADH. The activity of KGSADH was evaluated by measuring the reduction of 173 NAD + to NADH at 340 nm. The amount of NADH formed was determined using an extinction 174 coefficient of 6.22 mM -1 cm -1 . One unit of enzymatic activity was defined as the amount of that accumulation of the substrate of budA, α-acetolactate, is highly toxic to cells. The detour 216 route for the conversion of α-acetolactate to acetoin via diacetyl can compensate for the lack of 217 budA isozymes, but its efficiency seems to be low. The similar behaviors of Kp∆budA and 218
Kp∆budO with respect to cell growth, glycerol consumption and PDO production, among others, 219 strongly suggest that, under aerobic conditions, ∆budA is the most influential of all of the 220 mutations in the BDO operon. 221
Under the anaerobic condition, cell growth decreased while PDO production increased. 222
Kp∆budB and Kp∆budC (final OD600, 3-4) showed a higher cell density than Kp∆budA or 223
Kp∆budO (final OD600,~1.9). Surprisingly, the Kp control, similarly to the latter two mutants, 224
showed low cell growth (final OD600,~1.9). Glycerol consumption and PDO production were 225 high in Kp∆budB and Kp∆budC, and low in Kp∆budA and Kp∆budO, in comparison to Kp 226 control. As was the case under the aerobic conditions, Kp∆budA and Kp∆budO showed similar 227 behaviors in terms of cell growth, glycerol consumption, and production of PDO and other 228 metabolites; this suggests, again, that budA deletion has a higher impact on the BDO pathway 229 than either budB or budC deletion. It should be noted, too, that whereas Kp∆budB and Kp∆budC 230 showed similar cell growth and PDO production, the metabolite production profiles were 231 significantly different: Kp∆budB produced much acetate and little ethanol, while Kp∆budC 232 produced much ethanol and little acetate. Also, whereas Kp∆budB did not produce BDO, 233
Kp∆budC produced a significant amount of it, even more than the Kp control. It is not clear why 234
Kp∆budB and Kp∆budC show such different behaviors, though we speculate that it must be 235 closely related to NADH balance. As indicated in supplementary Fig. 1, BDO production  236 generates, from the two moles of pyruvate with consumption of one mole of NADH and 237 unutilized NADH molecules may be consumed in the production of ethanol (i.e., in Kp∆budC). 238
If, as in the case of Kp∆budB, BDO is not produced, no excessive NADH are generated, and 239 thus, acetate production is the right venue. In addition, acetate production yields ATP, which 240 seems always to be beneficial to cells. This NADH effect is observed also under aerobic 241 conditions, though not as significantly. We assume that, under aerobic conditions, maintenance of 242 the redox balance can be managed rather easily by active operation of the electron transport 243 chain. And in fact, under microaerobic conditions, cell growth, glycerol consumption and PDO 244 production were quite similar to those under anaerobic conditions, as were the metabolite 245 production profiles. Once again, these results indicate that, among the three genes, budA deletion 246 has the greatest impact on glycerol metabolism. 247 BDO production, meanwhile, was suppressed by mutations in the BDO pathway, though 248 its complete elimination was observed only in Kp∆budO. In most of the strains tested, acetate 249 and ethanol were produced as major byproducts, towards which, additional carbon flux was 250 diverted upon suppression of the BDO pathway. In some cases, especially with Kp∆budB and 251
Kp∆budO, substantial pyruvate excretion was observed; indeed, with Kp∆budO, a significant pH 252 drop (below 5.0) also was noticed. Such pyruvate excretion and pH loss in Kp∆budO suggests 253 that the complete elimination of the BDO pathway in the ldhA -background causes heavy 254 metabolic traffic at the pyruvate node. 255
Flask culture of Kp∆budO with supplementation of amino acids, NaHCO3 and/or BDO 256
Among the four mutant strains, only Kp∆budO could produce PDO without BDO 257 accumulation. However, after elimination of the whole-bud operon, glycerol consumption and 258 PDO production were sharply diminished. In order to explore the reasons for this as well as the 259 possibility of PDO production without BDO, optimization of Kp∆budO culture conditions was 260 performed. All of the experiments were carried out under the microaerobic condition, as these, 261 among the three aeration conditions, had proved the most conducive to cell growth and PDO 262 production. First, the effect of complex nitrogen was studied. Branched-chain amino acids 263 (leucine, isoleucine and valine) or larger amounts of complex nitrogen sources (yeast extract, 264 13 beef extract, and peptone) were added to the culture medium. It was hypothesized that 265 elimination of the bud operon might curtail the availability of the three essential branched-chain 266 amino acids, due to the lack of their precursor, α-acetolactate, the first intermediate of the BDO 267 pathway (see supplementary Fig. 1 ). The branched-chain amino acids were added to the culture 268 medium at two different concentrations (1 and 2 mM each), as were the mixtures of complex 269 nitrogen sources (1 g/L yeast extract, 2.5 g/L peptone and 2.5 g/L beef extract; 2.5 g/L yeast 270 extract, 5 g/L peptone and 5 g/L beef extract) (data not shown). However, no improvement in 271 glycerol consumption or PDO production was noted for any of the cultures. 272
Next, the effects of higher phosphate concentration (100 mM) and the addition of BDO 273 and/or NaHCO3 were studied (Fig. 1) . The testing of the high phosphate concentration was 274 carried out owing to the precipitous pH drop (below 5.0) that had been observed in the 275 experiments where 29 mM of potassium phosphate was used (see Table 1 for data). As for BDO 276 supplementation, we sought to determine if BDO itself, the final product of the BDO pathway, 277 has a physiological role (its lack had hampered glycerol consumption and PDO production). In 278 the same context, we hypothesized that the lack of CO2, which is generated at 2 moles per mole 279 of BDO (see supplementary Fig. 1) , can hamper the performance of Kp∆budO. In the 280 preliminary results, the increase in the buffering capacity of the culture medium, from 29 to 100 281 mM, greatly improved glycerol consumption and PDO production (Figs. 1C and 1D ): 91.1 mM 282 PDO in a significantly enhanced yield (0.67 mol PDO/mol glycerol) was produced from 135.8 283 mM glycerol in 12 h. However, the pH nonetheless decreased below 5.3 after 9 h, and a 284 substantial amount of glycerol was left unused. Significantly, the addition of BDO (25 mM) to 285 the high-buffer culture medium barely affected the performance of the strain (Figs. 1E and 1F) . 286
The addition of NaHCO3 287 14 (50 mM), on the other hand, further improved glycerol consumption and PDO production (Figs. 288 1G and 1H): more than 90% of glycerol was consumed in 9 h, and cell growth (3.0 at OD600) 289 along with the PDO titer (112 mM) were enhanced by 45.4 and 22.5%, respectively, relative to 290 the case without NaHCO3. Significantly too, when BDO was additionally supplemented to the 291 NaHCO3-containing medium (Figs. 1I and 1J) , no further improvement in PDO production was 292 observed. Sodium bicarbonate (NaHCO3) is a source of CO2, but it can also counteract pH drop 293 caused by generation of various acids. When NaHCO3 was added, the final pH increased to~5.8 294 (Figs. 1G and 1I) from~5.3 (Figs. 1C and 1E ). The production of metabolites, meanwhile, varied 295 significantly with the culture conditions (Figs. 1B, 1D , 1F, 1H and 1J). Acetate, pyruvate and 296 formate were the major byproducts, with ethanol, lactate and succinate as the minor ones (under 297 10 mM). When NaHCO3 was added, production of acetate (~40 mM) and formate (~27 mM) was 298 greatly increased, whereas pyruvate excretion was greatly reduced. This suggests that the 299 addition of NaHCO3 and/or the increase of culture pH stimulates pyruvate-formate-lyase (PFL), 300 which converts pyruvate to acetyl-CoA and formate, thereby reducing pyruvate accumulation. As 301 for succinate, its production was slightly increased, suggesting that carboxylation of pyruvate to 302 oxaloacetate also was stimulated. Overall, these results indicate that, in the Kp∆budO mutant 303 where both the lactic acid and BDO production pathways were eliminated, excessive production 304 of acids (especially the accumulation of pyruvate) and/or subsequent pH drop could be the 305 principal cause of the reduction of PDO production and cell growth, and that their negative 306 impact can be greatly alleviated by increasing medium buffering capacity and/or the addition of 307 NaHCO3 to the culture medium. It should also be noted that Kp∆budO cultured under 308 microaerobic and modified conditions exhibited a similar performance (in terms of cell growth, 309 glycerol consumption, PDO production, final pH, production of acetate and ethanol, etc.) to that 310 of Kp∆budB cultured under anaerobic and non-modified conditions. 311
Batch bioreactor experiments on Kp∆budO with NaHCO3 or continuous CO2 supply 312
The effects of CO2 and NaHCO3 on Kp∆budO performance was further studied using 313 pH-controlled bioreactors in a batch mode (Fig. 2) . Carbon dioxide was added in the form of 314 NaHCO3 (100 mM) or by continuous sparging of CO2 gas at 0.05 vvm. The pH was maintained 315 at 7.0 and the initial glycerol concentration was set to 600 mM. Despite the pH maintenance, 316
Kp∆budO exhibited a performance much inferior to the Kp control. When NaHCO3 was added, 317 some improvement in cell growth and PDO production was noticed, but not to the level by the 318 Kp control. Specifically, whereas the Kp control produced ~305 mM PDO, Kp∆budO with 319 NaHCO3 produced only 265 mM. In the case of the continuous sparging of CO2 (Fig. 2E) , PDO 320 production and cell growth were even lower than in the case without CO2 (Fig. 2C) , suggesting 321 that excessive CO2 is inhibitory. Cell growth and glycerol consumption also were lower in 322
Kp∆budO. Overall, these results indicate that the negative impact of the deletion of the bud 323 operon, cannot be removed by simple optimization of culture conditions at flask level. These 324 bioreactor results also suggest that the improvement of the performance of Kp∆budO (shown in 325 Fig. 1 ) was mostly owed to the increase of the culture pH to a more neutral level. 326
The major end products of glycerol metabolism in K. pneumonia under limited-aeration 327 conditions are lactic acid and BDO (Durgapal et al., 2014) . When lactic acid production is 328 blocked, more BDO is produced, and vice versa. If both BDO and lactic acid production are 329 blocked at the same time, other metabolites such as ethanol, acetate, formate, hydrogen, 330 succinate, and others will be produced at higher concentrations to keep the carbon flow at the 331 pyruvate node (see supplementary Fig. 1 ). Otherwise, due to metabolic traffic at the pyruvate 332 16 node, glycerol metabolism through the oxidative pathway is terminated, which seemingly was 333 the case with the current Kp∆budO. There are three strategies for dealing with the carbon traffic 334 problem at the pyruvate node of K. pneumonia that lacks both ldhA and budO. First, the 335 consumption of pyruvate through the TCA cycle can be accelerated. Among the advantages of 336 this strategy is improved cell growth and viability, and enhanced the NADH supply for PDO 337 production. On the other hand, the glycerol-to-PDO yield can be reduced if carbon is mainly 338 
